Abstract Mechanical quantities at the microstructural level play important roles as stimuli of trabecular bone remodeling by which cancellous bone maintains and adapts its trabecular structure to the mechanical environment. In this study, distribution functions of mechanical quantities on trabecular surfaces were estimated using digital image-based finite element models of five specimens of rat vertebral bodies under physiological loading conditions. As the representative quantities that have been used as mechanical stimuli in the remodeling rate equation, strain energy density (SED) and von Mises equivalent stress were considered for the mechanical quantities at the local point (namely, local mechanical quantities), and SED integration and stress nonuniformity were considered for the quantities that are integrated in space (namely, integral mechanical quantities). As a result of finite element analysis, it was demonstrated that these mechanical quantities were nonuniformly distributed over the trabecular surface due to the three-dimensionally complicated trabecular structure, even though only simple external loading was applied to the vertebral body. The magnitude of the skewness of the distribution function was calculated in order to compare the distribution patterns of the four mechanical quantities. The skewness for SED and equivalent stress in all the loading cases were larger than those for SED integration and stress nonuniformity, respectively, except that in the loading of axial compression, the skewness for equivalent stress was smaller than that for stress nonuniformity. It was also revealed that the skewness varied with changes in the external loading conditions, where changes in the mean and the standard deviation of the skewness for SED integration and stress nonuniformity were smaller than those for SED and equivalent stress. The results support the understanding that the concept of the integral formulae proposed for the bone remodeling stimulus corresponds not only to the actual biological system but also to the observed phenomenon of trabecular structural adaptation to the mechanical environment.
Introduction
Microstructural adaptation of trabecular bone is accomplished by cellular activities on the trabecular surface (1) , in which the local mechanical environment plays an important role (2) . In recent studies on trabecular bone remodeling using advanced computational techniques, the structural changes of each trabecula have been directly related to the mechanical quantity at the single trabecular level as a remodeling stimulus (3)− (8) . To clarify the mechanism of trabecular bone adaptation by means of a computational approach, one of the key issues is the quantification of the mechanical stimulus in order to account for the biological response to mechanical factors in the remodeling process (9) .
On the basis of experimental and clinical observations, the mechanical stimulus of bone remodeling has been formulated using the intensity of the mechanical quantity in the macroscopic mathematical models for bone remodeling in which trabecular bone is regarded as a continuum. Developing a theory of adaptive elasticity (10) , which is one of the pioneer bone remodeling models based on macroscopic continuum mechanics, Sadegh et al. (3) related trabecular structural changes due to surface remodeling to the strain intensity at a local point on the trabecular surface. They showed that a trabecular structural change occurs in order for the bone to adapt to the mechanical environment at the trabecular level.
In an extension of their work (11) , a strain rate was included in the mechanical stimulus and the results demonstrated that the strain rate affects the process of trabecular structural change in time but not the final shape of the trabeculae in the remodeling equilibrium state. Those studies suggest that in the determination of the trabecular structure in the remodeling equilibrium state, the spatial distributions of the mechanical quantities are more important than the changes in the mechanical quantities with time.
Recently, the spatial distributions of the mechanical quantities have been investigated in detail in order to explain actual biological systems such as networks for intercellular communication. Mullender et al. (4) and Mullender and Huiskes (12) took into account the role of the osteocyte as a mechanosensor and formulated the remodeling stimulus as an integration of strain energy density over the bone volume neighboring the remodeling point. Adachi et al. (13) proposed a spatial nonuniformity of von Mises equivalent stress in order to consider the spatial sensitivity of the bone cells to the mechanical stimulus, assuming a uniform stress hypothesis in the remodeling equilibrium state (14) . These mechanical quantities integrated in space can explain the physiological mechanism of the remodeling, and, therefore, are expected to be key parameters governing bone remodeling from cellular responses up to trabecular structural changes (6) , (8) .
The purpose of this study is to clarify the spatial distributions of the mechanical quantities in trabecular bone as remodeling stimuli around the remodeling equilibrium state, and to investigate more appropriate quantities for remodeling stimuli between the quantities at the local point of remodeling (namely, local mechanical quantities) and those integrated in the space neighboring the remodeling point (namely, integral mechanical quantities). Considering the three-dimensionally complicated structure of trabecular bone, the mechanical quantities on a trabecular surface are obtained using digital image-based finite element models of five specimens of normal rat vertebral bodies under physiological loading conditions. The difference in the distribution functions is evaluated for the local mechanical quantities and the integral ones, for which strain energy density (SED) (15) and von Mises equivalent stress (16) are examined as representative local mechanical quantities, and the spatial integration of SED with a decay function (12) and the spatial nonuniformity of von Mises equivalent stress (13) are examined as representative integral mechanical quantities.
Methods

Digital image-based finite element models of rat vertebral bodies
Serial images of the cross section of a vertebral body were measured for five specimens of normal L1 vertebral bodies harvested from healthy Wister rats (female, 10 weeks) using X-ray micro-computed tomography. Based on the images, a digital image-based finite element model of each specimen was constructed for the central part of the vertebral body, as shown in Fig. 1(a) . The models were approximately 4.3 mm in the bilateral direction, 2.7 mm in the anteroposterior direction, and 2.6 mm in the axial direction. The size of each voxel element was 12.8 µm, the same as the size of a pixel and the slice interval of the images. The number of bone elements was approximately 4.6 million. The bone was assumed to be a homogeneous and isotropic material with Young's modulus E = 20 GPa and Poisson's ratio ν = 0.3. The marrow was regarded as a cavity, and was neglected in the finite element analysis.
Considering the mechanical function of a vertebral body as a load bearing structure, three loading cases with axial compression (C) of F c = 10 N and lateral (LR) and anteroposterior (AP) bending of M LR = M AP = 5 N mm ⋅ were assumed as the physiological loading conditions of a normal rat, as shown in Fig. 1(b) . These loads were applied to the upper plane of the vertebral model via a dummy bone layer with one-voxel thickness that was placed so as to uniformly transfer the loads to the vertebral body. The lower plane of the model was fixed.
Mechanical quantities on trabecular surface as remodeling stimuli
Trabecular bone remodeling occurs on a trabecular surface by cellular activities in
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At. which the spatial distributions of the mechanical quantities play important roles. In this study, the local mechanical quantity at a specific point on the trabecular surface is defined as the mechanical quantity at the local point, and the integral mechanical quantity is defined as the mechanical quantity that is spatially integrated or averaged over a bone volume neighboring the point. SED U [J/m 3 ] and von Mises equivalent stress σ [MPa] , which have been used since the pioneer mathematical and computational models for bone remodeling (10) , (15), (16) , were considered as representative local mechanical quantities. Two types of integral mechanical quantities, in which the cellular network system in bone remodeling is taken into account, were considered and their summary is as follows.
One of the integral mechanical quantities considered in this study is SED integration with a decay function (6) , (12) ,
in which the role of osteocytes as mechanosensors is considered. In Eq. (1), U i is SED at the location of osteocyte i, µ i is the mechanosensitivity of osteocyte i, f i (x) is an exponential decay function between osteocyte i and surface location x, and n is the number of osteocytes in the neighborhood of the surface location x. The exponential decay function
where d i (x) is the distance between osteocyte i and surface location x, and D represents the characteristic decaying distance (4) .
The other integral mechanical quantity is the spatial nonuniformity of equivalent stress (13) ,
in which surface remodeling is assumed to seek a uniform state of the mechanical stimulus.
In Eq. (3), σ c is the stress at point x c on the trabecular surface, and σ d is the representative stress neighboring point x c and is defined as
where σ r is the stress at point x r , l is the distance between points x c and x r , and dV is the trabecular volume. The weighting function
decreases linearly with distance l, providing a similar idea to that in Eq. (2) for the SED integration model. Sensing distance l L , which indicates the area within which cells can sense a mechanical stimulus, determines the area for the evaluation of the stress nonuniformity Γ.
The values of the model parameters included in the integral mechanical quantities can be determined from experimental results. The number of osteocytes n in Eq. (1) for SED integration has been measured to be about 10000 mm −3 (17) . The characteristic decaying distance D in Eq. (2) for SED integration P and the sensing distance l L in Eq. (4) for stress nonuniformity Γ can be related to cellular communication (18) , such as that observed by calcium propagation (19) , and estimated to be several hundred micrometers. Based on these experimental studies and the values with which reasonable trabecular structural changes were obtained in the remodeling simulations (7) , (12), (20), (21) , the model parameters were set to be the number of osteocytes n = 10000 mm −3 , the characteristic decaying distance D = 100 µm and the sensing distance l L = 200 µm.
Evaluation of spatial distribution of mechanical quantities
The four mechanical quantities U, σ, P, and Γ were considered to be the remodeling stimuli S and their spatial distributions were evaluated under the following assumptions. First, in the normal rat under the physiological loading conditions (that is, bone in the remodeling equilibrium state), the amount of trabecular bone formation was assumed to be equal to that of bone resorption. Second, the rate of trabecular surface movement M , which determines the structural changes of trabeculae, was assumed to be expressed as a function of mechanical stimulus S (22) . Third, since we focus on the bone in the remodeling equilibrium state and under its neighboring condition, the trabecular surface movement ) (S M was assumed to be approximated by a simple linear rate equation (first-order Taylor expansion of )
where C is the rate coefficient of trabecular surface remodeling, and ref S is the reference stimulus in the remodeling equilibrium state (22) . When C and ref S are constant in time and non-site-specific (constant in space), the third assumption means that the distribution function of the mechanical stimulus should be symmetric with respect to the reference stimulus ref S
(if not, the amount of bone formation would no longer be equal to that of bone resorption). Taking these assumptions into consideration, the magnitude of skewness of the distribution function was calculated for the four mechanical quantities U, σ, P, and Γ to evaluate the degree of symmetry of the distribution function. Under the assumptions denoted above, the mechanical quantity with more symmetric distribution gives a better balance between bone formation and resorption, and thus, it can be regarded as a more likely stimulus candidate for remodeling. Therefore, the mechanical quantity with the lower magnitude of skewness was regarded as being the more likely stimulus candidate for remodeling.
In summary, the spatial distributions of the mechanical quantities were evaluated by the following procedures.
(1) For the five specimens of the rat vertebral bodies, the mechanical quantities U, σ, P, and Γ on the trabecular surface were calculated for each of the three loading conditions using digital image-based models, as shown in Fig. 1 . To neglect the artificial effects of the boundary condition, only the simulation results for the central hexahedral region of 3 mm 2 1 2 × × in the trabecular bone were discussed, as shown in Fig. 1(c) . In the calculation of the stress/strain state of the trabecular structure, a finite element analysis was conducted using an element-by-element preconditioned conjugate gradients approach (23) , (24) .
(2) To compare the distribution functions of the four mechanical quantities, U, σ, P, and Γ, that have different units, the mechanical quantities, regarded as bone remodeling stimuli S, were normalized as
where Var(S) is the variance of stimulus S in the central hexahedral region of the trabecular bone. In this study, the mean value S of stimulus S in the central hexahedral region was used as the reference stimulus and compared among the four mechanical quantities. In Eq. (7), Var(Â ) is the variance of the distribution function ) (Ŝ A .
Results
SED U, equivalent stress σ, SED integration P, and stress nonuniformity Γ on the trabecular surface in the central hexahedral region of trabecular bone were obtained for the five specimens for each of the three loading cases of axial compression (C), and lateral (LR) and anteroposterior (AP) bending. The three-dimensionally complicated structure of trabeculae caused nonuniform distributions of the mechanical quantities on the trabecular surface, even though the vertebral body was only subjected to simple external loading, as shown in Fig. 2 , in which the mechanical quantities of one of the five specimens under loading condition C are illustrated as a representative result.
Distribution function ) (Ŝ A of normalized mechanical stimulus Ŝ on the trabecular surface was calculated for the four mechanical quantities, as shown in Fig. 3 , in which the result of one of the five specimens is illustrated as a representative result. In the case of SED U, equivalent stress σ and SED integration P, the shape of distribution functions ). Skewness β of SED U and equivalent stress σ in all the loading cases were larger than those of SED integration P and stress nonuniformity Γ, respectively, except that in loading case C, skewness β of equivalent stress σ was smaller than that of stress nonuniformity Γ. It was also revealed that skewness β varied with the change in external loading conditions, as shown in Table 1 . In all the loading cases, changes in the mean and the standard deviation of the skewness of SED integration P and stress nonuniformity Γ were smaller than those of SED U and equivalent stress σ.
Discussion
Digital image-based models combined with large-scale finite element analysis were used to investigate distributions of mechanical quantities in a rat vertebral body under physiological loading conditions. According to our knowledge, there is no available data on the in vivo loading conditions of a rat vertebral body. Therefore, the loading condition of a rat vertebral body was determined as follows. First, as a preliminary study, we measured the fabric ellipsoid (25) of the trabecular structure of the five specimens used in this study. As a result, it was shown that the first principal direction of the trabecular structure corresponds to the axial direction, and that this structural property of the trabecular specimen is similar to that of a human vertebral body. Considering that the trabecular structure reflects the loading condition of cancellous bone, it is suggested that the loading condition of the rat vertebral body is similar to that of the human one that consists of compression and bending. Second, there is similarity between the rat and the human in the spinal structure that consists of vertebrae, intervertebral discs, and their surrounding soft tissues, which can be due to the similarity of their mechanical function under a certain loading condition. This also leads to the insight that the mechanical environment of the spine of the rat is similar to that of the human one. Third, shear force may affect the loading condition of the spinal structure, in addition to compression and bending loads. However, the shear force in four-footed animals is considered to be due to body weight, and the body weight of the rat is rather small. Therefore, we considered that the effects of body weight on the loading condition of the rat vertebral body is small and can be negligible in this study. On the basis of these three points, axial compression and lateral and anteroposterior bending were applied to the rat vertebral body as the physiological loading conditions. It was assumed that mechanical quantities with a more symmetric distribution are better candidates for the remodeling stimulus, which is based on the linear rate equation of bone remodeling with a non-site-specific rate coefficient (22) . In this study, a non-site-specific model was adopted because non-site-specific remodeling models successfully predict realistic changes in bone structure resulting from the distribution of mechanical quantities such as that denoted by the function of stress/strain (22) .
Mechanical quantities on the trabecular surface were obtained as bone remodeling stimuli using digital image-based models of rat vertebral bodies, as shown in Figs. 2 and 3 . Although simple external loadings were applied to the vertebral body, the mechanical quantities were nonuniformly distributed on the trabecular surface depending on the trabecular structure. This result demonstrates that a large-scale computational technique using a digital image-based model is useful for evaluating mechanical stimuli at the single trabecular level for in vivo three-dimensionally complicated trabecular structures (24) , (26) .
Comparison of the skewness of the distribution functions of the mechanical quantities has revealed that their distribution patterns depend on the quantity type, as shown in Fig. 4 . Spatial distributions of the mechanical quantities have been suggested to play an important role in maintenance and adaptation by bone remodeling. Recently, Fyhrie et al. (26) suggested that the average value of shear stress in a cancellous region is related to its standard deviation, and that this might be related to the structural adaptation of trabeculae. In this study, the distributions of the mechanical quantities were estimated from the viewpoint of the balance of the amounts of bone formation and resorption in the remodeling equilibrium state. In all three loading cases, the skewness of the distribution function of SED, indicating a highly asymmetrical distribution with respect to the mean value because SED is expressed in quadratic form, decreased when the SED was integrated. This result reflects that the distribution function of the mechanical quantities becomes more symmetric when the quantities are integrated in a greater space (i.e., imagine that the integral quantities become closer to the mean value in space, within a greater region for the integration).
The distribution function of equivalent stress became more symmetric when integrated into stress nonuniformity in the two loading cases of bending, as well as in the case of SED; however, this did not occur in the compressive loading case. It is considered that the integration of mechanical quantities has two types of effects on the changes in the distributions of the mechanical quantities. One is to make the distribution pattern symmetric, as noted in the previous paragraph on SED and its integration. The other is to make it asymmetric, which is a result of amplifying the local fluctuation of the mechanical quantities at the specific length scales related to trabecular size. The latter effect would lead to specific relationships between the global and local distributions of mechanical quantities, such as those observed in the relationships between average values of shear stress in space and its standard deviation (26) , (27) , and thus may determine the morphological properties of a trabecular structure, such as trabecular thickness and separation (12) , (28) . In the case of equivalent stress, the degree of symmetry of the distribution function is so high in compressive loading that the effects of the integration would be more distinguishable in making the distribution function asymmetric than symmetric. On the other hand, the skewness of the stress nonuniformity is more consistent with the changes in the loading conditions than that of the equivalent stress, as shown in Table 1 . This result suggests that the stress nonuniformity may be more appropriate as a mechanical stimulus than equivalent stress, with respect to homeostasis under physiological loading conditions. The above discussion is applicable to the case that the magnitudes of the dead zone of mechanical stimulus are the same for bone formation and resorption, that is, the dead zone is symmetric with respect to the remodeling equilibrium point. In this case, a more symmetric distribution of the mechanical stimulus gives a better balance between bone formation and resorption, as well as in the case of the linear model without a dead zone described by Eq. (5). Another case is that there are different magnitudes of the dead zone for bone formation and resorption, that is, the dead zone is asymmetric with respect to the remodeling equilibrium point. With the asymmetric dead zone, an asymmetric distribution of mechanical stimuli can give a better balance between bone formation and resorption. However, we considered the symmetric dead zone to be a more appropriate model than the asymmetric dead zone when investigating bone remodeling in an area of neighboring the remodeling equilibrium point, and that the asymmetric dead zone is better for expressing remodeling in an area far from the equilibrium point.
With respect to the model parameters introduced in the integral mechanical quantities, the number of osteocytes n in Eq. (1) for SED integration P only controls the number density of the mechanosensors in trabeculae. Therefore, osteocyte number n does not greatly change the distribution function of SED integration P shown in Fig. 3 , as long as osteocytes as the mechanosensors are uniformly distributed within trabeculae. On the other hand, the decaying distance D in Eq. (2) for SED integration P and the sensing distance l L in Eq. (4) for stress nonuniformity Γ control the averaging effect of mechanical quantities in space. This would affect the distribution function of the mechanical quantities P and Γ shown in Fig. 3 , as the integration of mechanical quantities causes the distribution function to change from that of local mechanical quantities. However, because a weighting function that decays with distance is introduced in the integration of mechanical quantities in space, the sensitivity of the distribution function of mechanical quantities to the distances D and l L is considered to be low when the distances D and l L are within several hundred micrometers of the range of cellular communication.
The results obtained in this study may indicate that the integral mechanical quantities are the more likely candidate stimuli than the local mechanical quantities with respect to two points: (1) the balance of the amounts of bone formation and resorption to maintain the bone mass in the remodeling equilibrium state, and (2) homeostasis under changing external loading conditions. This supports the concept of the integral formulae proposed for the bone remodeling stimulus (4) , (12) , (13) , corresponding not only to actual biological systems such as those for cellular communication (18) , but also to the observed phenomenon of trabecular structural adaptation to the mechanical environment. On the other hand, equivalent stress, but not SED, as a local mechanical quantity still appears to be a candidate stimulus with respect to (1) a good balance between bone formation and resorption, but not to (2) homeostasis under changing loading conditions.
In this study, the rate of trabecular surface movement M is a simple linear function of mechanical stimulus S, as shown in Eq. 
